In this study, sputtered undoped and nitrogen doped Sb 2 Te 3 ͑ST and STN͒ films were systematically investigated by x-ray diffraction ͑XRD͒ and resistance measurements. Their application to lateral phase-change memory ͑PCM͒ is presented as well. The STN film sputtered at a flow rate ratio ͑N 2 /Ar͒ of 0.07 proved to have both high stability and low power consumption, implying its high performance in PCM applications. In the STN films ͑N 2 /ArϾ 0.15͒, the hexagonal Te phase first appeared at 160°C, and then the orthorhombic SbN phase appeared at 290°C. The phase separation made it very difficult for these films to switch reversibly between the crystalline and the amorphous phase.
I. INTRODUCTION
The demand for mobile applications such as palmtops, mobile PCs, and digital cameras requires the creation of prospective nonvolatile memory ͑NVM͒ with ever higher speed, higher capacity, lower cost, lower power consumption, and so on. 1 NVM is the memory that can retain the stored information even when not powered. Flash memory, as the current NVM mainstream, can meet these requirements in the short run. However, it has many demerits, such as long write/ erase time, low endurance, high programming energy, high voltage, and limited scalability beyond the 45 nm technology node by tunnel oxide. [1] [2] [3] In order to improve the performance and scalability of flash memory, several innovative concepts for alternative NVM, such as ferroelectric memory ͑Fe-RAM͒, magnetoresistive memory ͑MRAM͒, phase-change memory ͑PCM͒, and so on, have been put forward in the past few years.
Among these emerging NVMs, chalcogenide-based PCM is widely regarded as the most promising due to its almost perfect properties, such as excellent endurance, nondestructive reading, direct overwriting, low programming energy, huge read dynamic range, fast speed, high performance, good complementary metal-oxide-semiconductor ͑CMOS͒ logic compatibility, multistate storage. [1] [2] [3] [4] The active chalcogenide layer in PCM is characterized by a fast reversible switching between the amorphous and the crystalline phase, accompanied by significant differences in electrical properties. 5 Chalcogenide in PCM can be amorphized via melting and quenching by applying a short but high electrical pulse so that the PCM enters a highly resistive state. On the other hand, it can be polycrystallized by applying a long but low electrical pulse, which induces the PCM to correspondingly enter a low resistive state. 6, 7 Compared with the other chalcogenides on a pseudobinary GeTe-Sb 2 Te 3 such as the widely researched  Ge 2 Sb 2 Te 5 , 2-4 Sb 2 Te 3 has been widely used in rewritable optical media 8, 9 and PCM ͑Ref. 10͒ due to its fast crystallization speed and low power, both of which are made possible by its low melting point, as illustrated in Fig. 1 In this article, we present a systematic study, carried out by x-ray diffraction ͑XRD͒ and resistance measurements, of sputtered undoped and nitrogen-doped Sb 2 Te 3 ͑ST and STN͒ films and their application in STN-based lateral phasechange memory ͑PCM͒.
II. EXPERIMENTAL METHODS
A series of 200 nm thick ST and STN film samples with a thick SiO 2 capping layer on a glass substrate was prepared by changing the flow rate ratio of N 2 / Ar during sputtering, as given in Table I , using radio-frequency sputtering equipment ͑MNS-3000-RF, ULVAC, Inc.͒ at a background pressure below 5 ϫ 10 −5 Pa, a sputtering pressure of 0.2 Pa and a power of 100 W. The crystal structures of these films were characterized by means of an x-ray diffractometer ͑RINT 2000, Rigaku Co.͒ after the films were annealed on a hot plate from 90 to 290°C for 5 min. The resistivity, as a function of the annealing temperature of the films annealed in the same way, was measured using square-shaped film samples defined by Ti electrodes.
The current-voltage ͑I − V͒ characteristics of the device samples were measured by a semiconductor parameter analyzer ͑4155B, Agilent Technologies, Ltd.͒. A wave form generator ͑Model 2571, Tabor Electronics, Ltd.͒ was used to apply single pulses to the devices.
III. RESULTS AND DISCUSSION

A. Crystal structures of ST and STN films
Figures 2͑a͒-2͑c͒ show the XRD patterns of ST, STN1, and STN2 films, respectively. A number of peaks are observed in the as-deposited ST film, as shown in Fig. 1͑a͒ , which indicates that the ST film crystallized during sputtering. This is in good agreement with the fact that the crystallization temperature of ST film is below 100°C. 23 These peaks in the XRD patterns remained below 220°C. Based on these peak positions, the ST film was identified as a facecentered cubic ͑fcc͒ crystal structure. The plane indexes corresponding to the peak positions of the XRD patterns of the ST film annealed at 160°C are given in Table II , and the lattice constant a was found to be 0.6068 nm. It is interesting that the peaks in the patterns generally tended to shift to a larger angle with increasing annealing temperature up to 160°C. Correspondingly, the movement of the peaks re- sulted in the reduction of the lattice constant, demonstrating that the ST film became more ordered ͑e.g., reduction in grain boundary via grain growth͒ with increasing annealing temperature. The appearance of a pattern at 220°C implies that a phase transformation of the ST films from fcc to the other phase occurred between 160 and 220°C. The phase was identified as a hexagonal crystal structure according to the XRD patterns at 290°C ͑Table III͒. The lattice constants a and c were found to be 0.4262 and 3.045 nm, respectively. A very broad peak at around 29°͑2͒ was observed for the as-deposited STN1 and STN2 films, as shown in Figs. 2͑b͒ and 2͑c͒, which indicates that these two films were amorphous. The fcc XRD pattern of STN1 appeared at 160°C and 220°C. The crystal structures of both STN1 and STN2 were hexagonal at 290°C. Both fcc and hexagonal peaks were also observed for STN2 at 220°C. The mean crystal sizes of the films at the same temperatures of 160°C and 220°C were estimated using Scherrer's equation 24, 25 and are summarized in Fig. 2͑d͒ . As we can see, the crystal size could be effectively refined by increasing the N 2 flow rate during sputtering. This is in good agreement with the refinement of the crystal size in the case of the N doping of Ge 2 Sb 2 Te 5 .
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It is very interesting that the further increase of the N 2 flow rate during sputtering led to a set of very different patterns, as shown in Fig. 3 . The STN5 film was amorphous up to 120°C. The STN5 film annealed at 290°C was found to be composed of hexagonal Te ͑a = 0.445 nm; c = 0.59 nm͒ and orthorhombic SbN ͑a = 0.492 nm; b = 1.246 nm; c = 0.542 nm͒. The peaks of Te and SbN are marked as solid squares and circles in Fig. 3 , respectively, and given in Table  IV . When comparing the peaks in the XRD patterns for 160°C and 220°C with those for 290°C, it can be readily concluded that Te crystallites first formed at a temperature of around 160°C and SbN nitride at a high annealing temperature ͑e.g., 290°C͒. The typical XRD patterns of STN5 shown here are similar to those observed for STN10 ͑data not shown͒.
The phases and crystal structures of the ST and STN films are summarized in Table V . On the whole, the temperature of crystallization to fcc increased with increasing N 2 flow rate at a low flow rate ratio. In this case, the nitrogen atoms in the film can be located at the interstitial sites in the fcc or in the hexagonal lattices of chalcogenides. 26 The fcc phase of STN1 had the widest temperature window among the STN films, which is advantageous for PCM applications. This is because, as is well known, a fast reversible phase transformation between the fcc and the amorphous phase is usually needed for memory storage. SbN, which is very harmful to reversible phase change. From the above analysis, it is considered that STN films are preferable for PCM applications when the N 2 flow rate is around 1 sccm, due to their wide fcc temperature range and high crystallization temperature. The reversibility ͑or cyclability of PCM͒ and stability ͑long retention time͒ can be greatly improved by adopting STN1 film ͑N 2 / Ar= 0.07͒ as a PCM medium. Figure 4 shows the resistivities of ST and STN films as a function of the annealing temperature up to 300°C. It has been reported that the thicknesses of Te-based phase-change materials were reduced by 5% -10% as a result of phase change. 30 Nevertheless, it is reasonable to assume that the influence of the film thickness reduction on the resistivity can be ignored here. The resistivity of the as-deposited ST film was around 9 ϫ 10 −2 ⍀ cm, because the as-deposited ST film was already crystalline. The resistivity of the ST film decreased in the temperature range of 100°C -300°C. The reason for the resistivity reduction is that the fcc crystals became larger and more ordered ͑see the discussion in Sec. III A͒ and a phase transformation from fcc to a hexagonal structure took place ͓see the XRD patterns in Fig. 2͑a͔͒ . The resistivity of the as-deposited amorphous STN film, however, was around 100-1000 times of that of the ST film. Crystallization to fcc led to the marked reduction in resistivity of the STN1 film, from around 9 ϫ 10 1 ⍀ cm to around 8 ϫ 10 −3 ⍀ cm, that is, by about 4 orders of magnitude. The phase transformation from fcc to a hexagonal structure resulted in a further resistivity drop to around 4 ϫ 10 −3 ⍀ cm at 300°C. The increase in the resistivity of the STN2 film might be due to the formation of SbN nitride, which is so small that it was almost undetectable by XRD.
B. Temperature dependence of the resistivity
C. Lateral PCM
A 150 nm thick ST or STN layer, covered by ZnS-SiO 2 , was used in the lateral device. The gap length, L, between the two electrodes and the gap width, W, were 0.4 and 0.7 m, respectively. The pulse-mode R − V characteristics of the devices are shown in Fig. 5 . The pulse width, t RESET , was 20 ns. The resistance of the ST, STN1, and STN2 devices dramatically increased by two or three orders of magnitude at a RESET voltage ͑V RESET ͒ of around 9.5 V, 7 V, and 6.5 V, respectively. The required dissipated energy ͑E RESET ͒ for the RESET operation was estimated using the equation
The required E RESET energies of the ST, STN1, and STN2 devices were calculated to be around 6 ϫ 10 −10 J, 3.3ϫ 10 −9 J, and 2.8ϫ 10 −9 J. From the view- point of power consumption as well, STN1 film may be the preferable medium for PCM applications rather than ST film.
IV. CONCLUSIONS
We have investigated ST and STN films by means of XRD and resistivity measurements, as well as possible PCM applications of the films. Based on these experiments, some conclusions can be drawn, as follows.
͑1͒ STN1 film ͑N 2 / Ar= 0.07͒ is preferable in PCM applications because of the stability of both the amorphous and the fcc phase, which is due to its high crystallization temperature and wide fcc temperature range. ͑2͒ For the STN films sputtered at a high flow rate ratio of N 2 /Ar ͑Ͼ0.15͒, the hexagonal Te phase appears first at 160°C, followed by the orthorhombic SbN phase at 290°C. Phase separation is very harmful to the reversibility of PCM in these films. ͑3͒ From the viewpoint of power consumption as well, STN1 film is the preferable medium for PCM applications.
